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Abstract-Little
is known about the physiological role of surface active phos pholipids (SAP) in the central respiratory tract.
In the present study, the effect of SAP on acid-inducing inhibition of particle transport by the tracheal mucociliary function was investigated in unanesthetized pigeons. SAP and acids were directly nebulized to the surface of the trachea.
The composition of SAP was based on that of the pulmonary surfactant.
The experiment was carried out under application of acetylcholine providing a constant mucociliary transport. SAP significantly diminished HCI and H2S04-inducing inhibitions of the mucociliary transport. Benzalkonium chloride also reduced the inhibition.
The results suggest that SAP may be a protecting factor of the mucociliary clearance and that SAP may be con nected with hydrophobicity not only of the alveolar surface but of the tracheal epithelium.
The pulmonary surfactant is a phos pholipid-rich material lining the alveolar surface, which maintains alveolar stability to make low lung volumes (1, 2) . Phospha tidylcholine accounts for over 80% of surfac tant phospholipids, and its disaturated species is responsible for the surface tension-lowering properties (3) (4) (5) .
Recently, it was reported that the same class of surfactants can adsorb onto biological membranes in the trachea and the stomach and enhances the hydrophobic properties of these surfaces (6) . It is also recognized in the theory of corrosion inhibition that treatment of surfaces with cationic surfactants provides the underlying material with a hydrophobic coating that protects against hydrochloric acid and other noxious water-soluble agents in the environment (7) .
Mucociliary clearance is an important pulmonary defense mechanism that serves to remove inhaled substances from the lung (8, 9) . The mucociliary function is depressed by a variety of water-soluble atmospheric pol lutants such as S02 and N02 (8) .
physiological significance of pulmonary surfactant in the trachea, we investigated the effect of surface active phospholipids (SAP) on the acid-inducing inhibition of mucociliary clearance.
Materials and Methods
Pigeons of either sex weighing 250-350 g were used.
The mucociliary transport rate was meas ured according to Miyata et al. (10) . The unanesthetized pigeon was fixed on its back. The trachea was exposed under the applica tion of a local anesthetic (0.5% lidocaine) according to the usual method. Blood vessels and connective tissues over the trachea were separated carefully over 2 cm from approximately 1 cm below the larynx. Two threads were tightly laid under the ex posed trachea, with a distance of 2 cm be tween the threads, so that the part of the trachea used for the test was kept level. An incision of approximately 2 cm was made, and traumatic margins were clipped with celfins and fixed with the traumatic opening slightly opened. As soon as the operation was over, the pigeon was inserted through the opening into an observation box. The observation box kept the pigeon tracheal mucosa under the same temperature (38°C) and humidity (approximately 100%) as in vivo by the use of a humidifier.
After the pigeon was habituated to the con dition of the observation box for 1 hour, several particles of cork (80-120 Itm in diameter), which had been previously floated on physiological saline, were placed on the caudal side of the tracheal mucosa to select the part which carried the particles the fast est. Measurement was started when the cork transport velocity became constant, and the time taken for the cork particles to move 10 mm was measured.
In the observation box, the local adminis tration of test compounds to the trachea was performed by nebulizing 1 ml of solutions with a nebulizer made with glass, using an artificial ventilator (50 ml x 120 rpm, for 2 min).
All experiments were performed under the treatment with nebulizing acetylcholine (100 mg/ml) to maintain a constant velocity of mucociliary transport because the mucociliary transport was considerably influenced by repeatedly nebulizing solutions. The ad ministration of saline or test compounds was performed at 10 min after ACh-nebulizing, and then the nebulizing of acids was done 5 min later. The mucociliary transport rate was expressed as an average of the total measure ment during a 10 min period after ACh nebulizing (control) and during a 10 min period after acid-nebulizing, respectively. The composition of surface active phospholipids shown in Table 1 was based on the concen trations of those in pulmonary surfactant (11, 12 2. Effect of ACh on mucociliary transport: Nebulizing ACh caused an approximately 70% increase in the mucociliary transport rate, and the increase lasted for 50 min (Fig. 1). 3. Acids-inducing inhibition of the muco ciliary transport: HCI, 0.5 and 1.0 N, signifi cantly and concentration-dependently de creased the mucociliary transport rate to 78.3±1. 8 and 68.0±5.5% of the control, respectively (P<0.01 and P<0.005, respec tively) (Fig. 2) . The inhibition lasted for 10 min and recovered after 15 min. HCI, 5.0 N, completely and irreversibly inhibited the mucociliary transport.
H2SO4 also signifi cantly inhibited the transport rate in a similar Each point is the mean±S.E. of 4 experiments. *P<0.05, compared with MCT rate at 0 min. Fig. 2 . Effects of the mixture of surface active phospholipids containing dipalmitoyl phosphatidylcholine (SAPc) or dipalmitoyl phosphatidylethanolamine (SAPe) as a main component on HCI-inducing inhibition of MCT rate. The % change in MCT rate was obtained from the comparison with the mean value of MCT rate of the total measurement during a 10 min period after ACh-nebulizing (control 100%) and during a 10 min period after HCI-nebulizing.
Vertical bars indicate the standard errors. The statistical significance of the difference between SAPc or SAPe and saline-treated groups was calculated using the unpaired t-test (*P<0.05, **P<0.01). manner (Fig. 3) .
4. Effects of SAPc and SAPe on acids inducing inhibition: SAPc and SAPe signifi cantly diminished the acids-inducing inhi bition of the mucociliary transport (Figs. 2  and 3 ), although they produced no effects on the 5.0 N HCI-inducing inhibition of the transport (data not shown).
5. Effects of cationic and anionic surfac tants on acids-inducing inhibition: Neither benzalkonium chloride (0.01%) as a cationic surfactant nor sodium lauryl sulfate (0.01%) as an anionic surfactant affected the normal and/or ACh facilitating mucociliary transport (data not shown). On the other hand, benzalkonium chloride but not sodium lauryl sulfate significantly diminished the H2SO4 inducing inhibition of the mucociliary trans port (Fig. 4) , and the similar result was shown in the HCI-inducing inhibition (data not shown). Fig. 3 . Effects of SAPc and SAPe on H2SO4-inducing inhibition of MCT rate. The % change in MCT rate was obtained from the comparison with the mean value of MCT rate of the total measurement during a 10 min period after ACh-nebulizing (control 100%) and during a 10 min period after H2SO4-nebulizing. Vertical bars indicate the standard errors. The statistical significance of the difference between SAPc or SAPe and saline-treated groups was calculated using the unpaired t-test (*P<0.05, **P<0.01).
Discussion
The present results indicate that the synthetic form of SAP, the component present in surfactant (3) (4) (5) , is particularly effective for protecting against the acid-inducing inhi bition of mucociliary clearance.
These findings may be supported by the fact that SAP at physiological concentrations imparts water repellency to the tracheal mucosa (6). Hills and Barrow (6) indicated that in vitro, both DPPC and DPPE could impart hydrophobic properties, although DPPE was not as effective as DPPC. Our results showed that the protective effect of DPPE against acids-inducing inhibition of mucociliary transport (MCT) was almost as potent as that of DPPC. Furthermore, the protective effect was also observed with benzalkonium chloride, an industrial cationic surfactant. On the other hand, sodium lauryl sulfate, an anionic surfactant did not show any such effect. The protective effect of the cationic surfactant is supported by the fact that industrial cationic surfactants, such as Zelan, are widely used to impart hydrophobic properties to fabrics (13) . In general, these Fig. 4 . Effects of benzalkonium chloride (Benz.) and sodium lauryl sulfate (Lauryl.) on H2SO4-inducing inhibition of MCT rate. The % change in MCT rate was obtained from the comparison with the mean value of MCT rate of the total measurement during a 10 min period after ACh-nebulizing (control 100%) and during a 10 min period after HCI-nebulizing.
Vertical bars indicate the standard errors. The statistical significance between benzalkonium chloride or sodium lauryl sulfate and SAPc or saline-treated groups was calculated using the unpaired t-test (*P<0.05, **P<0.01 ). mechanisms are theoretically explained as follows the positively charged quaternary ammonium ion is adsorbed onto the negative charge in the sub-phase, orientating the hydrocarbon 'tails' outwards to present a strongly hydrophobic surface (14) .
Although the pulmonary surfactant has been thought to provide an adequate environ ment for mucociliary transport, there seems to be no convincing experimental demon strations of this. Schlimmer et al. (15) pro posed the hypothesis that phospholipids play an important role in mucus transport by pre venting the agglomeration and adhesion of mucus particles.
Thus the present study seems to present the first direct evidence for the relationship between SAP and the mucociliary clearance. The protective effect of SAP against the acid inducing mucociliary transport inhibition sug gests that this may be one of the pulmonary defense mechanisms since it has been reported that a multiple exposure to sulfur dioxide reduced pulmonary surface tension, possibly by an increased secretion of surfactants at the alveolar surface (16) .
